Abstract-Design and performance of a coplanar waveguide (CPW) bandpass filter (BPF) using Composite Right/Left-handed (CRLH) Zeroth-order Resonators have been studied. The Bloch analysis is applied based on the S parameters to derive the characteristics of the eigenmodes (Bloch modes), from which the right/left-handed frequency band and the zeroth-order resonant frequency are clearly determined. Then, the susceptance slope parameter of the resonator is extracted and the admittance (J-) inverters are introduced to synthesize a capacitively coupled CPW BPF. The measured results show that the size of the filter is greatly reduced (more than 60%) when compared to a conventional structure.
Left-handed materials (LHMs) are characterized by simultaneously negative permittivity and permeability. It was first investigated theoretically by Veselago [1] . The experimental realization of LHM with resonance structures was demonstrated by Smith et al., [2] . Since then, LHM has gained significant interest and started to be integrated into novel microwave and optical applications. The resonance structures, however, suffer from large losses in the microwave regime and narrow working bandwidth. To overcome these problems, the transmission-line (TL) approach was later proposed to realize LHMs [3, 4] . LH-TL is the dual structure of the conventional RH-TL in which the inductance and capacitance are interchanged. All practical LH structures include parasitic RH effects, and are therefore composite right/left-handed (CRLH) in reality [5, 6] . Since CRLH can be realized by planar circuits, it can be conveniently implemented in microwave circuits and antennas [7] . A novel resonator composed of microstrip lines and lumped elements with zero degree of phase shift has been proposed by UCLA group and named as the zeroth-order resonator [8] .
In this study, a CRLH CPW zeroth-order resonator is designed to synthesize BPFs with compact size. The unit cell of the CRLH CPW is fabricated by embedding a series interdigital capacitor and two shunt stub inductors between two sections of CPWs. Based on the results of Bloch analysis, the left and right handed frequency bands are clearly identified and the zeroth-order resonant frequency is easily found. Then, the resonance properties of zeroth-order resonator is specified by the susceptance slope parameters and used to synthesize a novel CPW BPF. The experimental results show that the BPF works at center frequency f 0 = 5.8 GHz with 11% bandwidth. The effective length of the BPF is 11.6 mm which has more than 60% size reduction as compared to the conventional capacitively coupled half-wavelength CPW BPF. Since the CRLH CPW TLs are formed by the periodical network of the unit cells, Bloch-Floquet theorem can be used to derive the eigen modes directly from the S parameters of the unit cell. Two important factors related to the eigen modes are the Bloch impedance Z B and the wave number β. Generally, they are both complex values. Then, the unit cell with length l can be modeled equivalently as a segment of uniform TL with characteristic impedance Z B and phase shift φ = βl. The LH and RH frequency bands can be identified by the sign of the product Re(β)Re(Z B ). In the frequency band where Re(β)Re(Z B ) < 0, the eigen modes are backward waves and the frequency bands are LH bands. In contrast, the RH band is characterized by Re(β)Re(Z B ) > 0. For the unit cell structure illustrated in Fig. 1 , the phase shift and the Bloch impedance are calculated and shown in Fig. 2 . It's seen that the LH frequency band exists from 3 to 4.7 GHz and the RH frequency band exists from 5.8 to 9 GHz. In the frequency band from 4.7 to 5.8 GHz, the wave number β is pure imaginary and a band gap exists. At the upper edge of the band gap f 0 = 5.8 GHz, the phase shift φ is zero and the zeroth-order resonance occurs. Since the Bloch impedance is very large at f 0 , the unit cell terminated in open circuit has infinite input impedance (zero input admittance) and exhibits a parallel type of resonance. The resonance properties of such a resonator can be conveniently specified by evaluating the susceptance slope parameter, which is widely used in the design of bandpass filters. By calculating the input admittance of the resonator by full wave simulation, the susceptance B(f ) is obtained and shown in Fig. 3 . The susceptance slope parameter b can be calculated by deriving the susceptance,
ANALYSIS OF THE ZEROTH-ORDER RESONATOR
It's calculated to be 0.0219 Siemens. 
DESIGN OF CPW BPF
A third-order Chebyshev response CPW BPF is designed to illustrate the synthesis procedure using the resonators as proposed in Fig. 1 . The passband ripple is 0.3 dB, the center frequency is 5.8 GHz, and fractional bandwidth 11.9%. The elements values of its low-pass filter prototype are select as g 0 = g 4 = 1, g 1 = g 3 = 1.371, g 2 = 1.138. As shown in Fig. 4 , the BPF is designed using the traditional admittance (J-) inverter transformation and synthesis procedure. The admittance (J-) inverters are realized by embedding series gap capacitors between negative lengths of uniform CPWs. Note that the negative lengths can be simply subtracted from the adjacent lines in the zeroth-order resonators. Figure 5 shows the photograph of the BPF and its measured S-parameters are reported in Fig. 6 . It's seen that the measured 3-dB fractional bandwidth is 11% centered at 5.8 GHz. The total length of the filter is 11.6 mm. At the frequency 5.8 GHz, the length of a conventional halfwavelength CPW resonator with the same substrate is more than 10 mm. This means the length of a third-order filter with these conventional resonators is more than 30 mm. Hence the size of the filter proposed in this paper is greatly reduced (more than 60%) as compared to a conventional structure. 
CONCLUSION
Design and performance of a CPW BPF using CRLH Zeroth-order Resonators have been studied. The zeroth-order resonant frequency of the CRLH unit cell is determined from the results of Bloch analysis. The susceptance slope parameter is extracted to effectively describe the resonance properties of the resonator. By introducing series gap capacitors as admittance inverters, a third-order CPW BPF is designed, fabricated, and measured. It's shown that the size of the filter is greatly reduced (more than 60%) as compared to a conventional structure working in the same frequency band.
